Introduction
[2] A commonly occurring and well documented meteorological feature of the coastal zone is the diurnal sea/land breeze system (SLBS) [Miller et al., 2003] . A phenomenon which occurs along the majority of the earths coastline [Simpson, 1994; Gille et al., 2003 ], the SLBS is driven by differential heating of adjacent land and water masses. The land mass heats up more rapidly than the water during the day and cools off more rapidly at night. The resulting crosscoastline thermal pressure gradient sets up a circulation cell that propagates both onshore and offshore as a gravity current [Simpson, 1994 , Miller et al., 2003 . Although the idealized model of the SLBS is characterized by a reversal of flow in the cross-coastline direction, a variety of factors can influence the strength and orientation of the diurnal variability of the SLBS as well as its inland and offshore extent. Synoptic weather patterns, land-sea temperature difference, coastline shape and topography are important controls on the initiation, intensity and spatial scale of the SLBS [Simpson, 1994 , Miller et al., 2003 .
[3] While the SLBS is well studied, the importance of the spatial and temporal variability of diurnal wind forcing in the coastal ocean due to the thermal pressure gradient is lesser known. Long term meteorological observations of the coastal ocean are sparse, so detailed knowledge of the seaward structure of the SLBS is limited to numerical weather models. Recently, however, analysis of Quickscat scatterometry demonstrated that sea-breezes occur along most of the world's coastline and can extend 100's of km offshore [Gille et al., 2003 , Aparna et al., 2005 . Furthermore, studies have documented aspects of the response of the ocean to diurnal wind forcing. Doppler current meter data from a single mooring 170 km off the Namibian coast revealed a resonant interaction between internal waves and diurnal wind forcing . Hyder et al. [2002] observed diurnal currents of up to 40 cm s À1 over the upper 3 m of the water column in the Thermaikos Gulf consistent with SLBS forcing. Pattiaratchi et al. [1997] related increased wave energy, sediment transport and beach erosion to SLBS forcing off the coast of Australia. Finally, Gibbs [2000] analyzed 3 -5 day periods of SLBS activity on the New South Wales coast finding motions associated with the sea breeze that account for one quarter of the variance in diurnal currents.
[4] While these studies highlight the significant role of the SLBS in the coastal ocean, they do not provide a detailed description of the spatial extent of the SLBS induced motion in the coastal ocean nor of the spatial distribution of the diurnal motion. The expanding international array of surface current radar systems provides an opportunity to observe the response of the coastal ocean to SLBS forcing and characterize its spatial distribution.
[5] The motivation for this work is a result of observations made during the Lagrangian Transport and Transformation Experiment in April, 2005 , which recorded observations of the evolution of the Hudson River outflow. Diurnal motions 4 -5 times stronger than the K1 or O1 tidal constituents are observed as the plume intrudes onto the New York Bight, coincident with a 5 -7 m s À1 diurnal wind during the course of the experiment. The diurnal wind is identified as a sea breeze, a phenomenon that is well documented and common during the spring and summer months along the New York/New Jersey Coast [Frizzola and Fisher, 1963; Angell and Pack, 1965; Bowers, 2004; Childs and Raman, 2005] .
[6] Wind forcing is an important component to buoyant coastal plume dynamics and several studies have examined the response of buoyant coastal discharge to steady wind forcing [Whitney and Garvine, 2005, Fong and Geyer, 2001] . The role of variable winds in the coastal ocean, particularly in the diurnal band is less understood. Pinones et al. [2005] found a strong diurnal signal in the Maipo River plume associated with SLBS forcing. Simpson et al. [2002] and Rippeth et al. [2002] found that a horizontal pressure gradient set up by wind forcing drives diurnal motions in a coastal two layer regime.
[7] Continental margins are among the most productive ecosystems on earth [Field et al., 1998 ] and this productivity is strongly controlled by physical processes [Mann and Lazier, 2006] . In this paper we demonstrate that the SLBS can be a dominate force that drives circulation over the majority of the shelf. Therefore, quantifying the role of the SLBS in New York Bight circulation has wide implications for physical, biological and chemical processes in the coastal ocean, including vertical mixing, primary production and air-sea gas exchange. Assessing the importance of the SLBS in coastal circulation potentially improves our understanding of these transport processes, and consequently our ability to model and predict changes in global biogeochemical cycles.
Data and Methods
[8] The study area (Figure 1 ) is within the domain of the Rutgers University Coastal Ocean Observation Lab (COOL). The observatory consists of a nested system of HF radar systems, satellite X-Band and L-Band receivers, and a fleet of autonomous underwater vehicles for measuring subsurface parameters. The HF radar installations, in particular, provide a unique opportunity to characterize the temporal and spatial variability of New Jersey Shelf circulation [Kohut et al., 2004] . Surface current data collected via the COOL 25 MHz Short Range (SR) and 5 MHz Long Range (LR) HF radar systems are used in this study.
[9] The SR system provides a grid of surface current vectors every 0.5 hours with a horizontal resolution of 1.0 km at the mouth of the Hudson River (Figure 1 ). The gridded field is subsequently averaged over the entire domain at each time step. Only those grid points with low percentages of missing data (<5%) throughout the study period (February 2005 -May 2005 are included in averaging.
[10] The LR system collects data every 1.0 hours with a horizontal grid resolution of 6 km. The LR domain is divided into 4 different sub regions designated northeast (NE), southeast (SE), northwest (NW) and southwest (SW) (Figure 1 ), each of which is spatially averaged after omitting data at grid-points with less than 80% temporal coverage.
[11] Meteorological data sources for this study are the National Data Buoy Center stations at Ambrose Tower (ALSN6) and buoy 44025, and National Climatic Data Center land based stations at John F. Kennedy airport (JFK) and Newark Airport (EWR). Wind and temperature data are all hourly measurements.
[12] Following Simpson et al. [2002] and Rippeth et al. [2002] , harmonic analysis is applied to the gridded surface current data, the five spatially averaged surface current time series and the two marine (ALSN6 and 44025) wind time series using a harmonic period of 24 hours. The gridded surface current fields are divided into two time periods, February -March, 2005 and April -May, 2005, for which diurnal variance ellipse parameters are calculated. A 4 day running harmonic fit is also applied to the wind and surface current time series from February through May 2005. This time series of harmonic coefficients is used to calculate diurnal kinetic energy in the atmosphere and the ocean.
[13] While the presence of diurnal period energy is a reasonable assumption for the SLBS [Rotunno, 1983] and is used in part to identify SLBS regimes [O'Brien and Pillsbury, 1974; Masselink and Pattiaratchi, 2001; Hyder et al., 2002] , synoptic wind variability can contribute to the diurnal band as well. Consequently a method of objectively identifying days where the SLBS develops is required. The dominant factors considered when filtering sea breeze days from synoptic days are the strength of the synoptic wind, the land-sea thermal pressure gradient, and a diurnal change in wind direction. [Biggs and Graves, 1962 , Borne et al., 1998 , Furberg et al., 2002 .
[14] The method of Furberg et al. [2002] is applied here, as it is a more conservative estimate of sea breeze frequency, requiring a reversal of wind in the cross-coastline direction, not simply a diurnal change in wind direction. It is a four step conditional filter, almost identical to that outlined by Furberg et al. [2002] : (a) A majority of the hourly winds at ALSN6 must be offshore (or calm) during the hours from (sunrise À 6 h) to (sunrise + 2 h). (b) The wind at ALSN6 must blow onshore for at least two consecutive hours during the hours from (sunrise + 2 h) to (sunset + 2 h). (c) A majority of the hourly winds at ALSN6 must be non-onshore (or calm) during the hours from (sunset + 2 h) to (sunset + 8 h). (d) T land À T sea > 0°C. T land is the daily averaged (sunrise-sunset) air temperature at a National Climatic Data Center station and T sea is the daily averaged (sunrise-sunset) sea surface temperature at buoy 44025.
[15] The local coastline in the New York Bight Apex is unlike most SLBS studies as there are land masses due north and due west of ALSN6, allowing for multiple SLBS boundaries [Novak and Colle, 2006; Colle et al., 2003] . Consequently, the simple filter of Furberg et al. [2002] is applied in two directions. The north-south wind at ALSN6 identifies SLBS days along the Long Island (LI) coast and the east-west wind at ALSN6 identifies SLBS days along the New Jersey (NJ) coast. The total diurnal kinetic energy calculated in this study does not distinguish between LI and NJ SLBS. Consequently, SLBS days are simply identified and not given any directionality.
Seasonal Variability
[16] Climatology of SLBS frequency indicate the majority of SLBS days occur during the hot summer months, with few in the wintertime and transitional periods in the spring and fall [Prezerakos, 1986; Masselink and Pattiaratchi, 2001; Furberg et al., 2002] . Applying the filter described in section 2, the percentage of SLBS days for the spring transition is calculated. The SLBS frequency (SF) is 26.5% for February -March, increasing to 68.8% in April-May. There is a corresponding increase in diurnal energy (DE) at both ALSN6 and 44025, with clockwise rotating diurnal wind observed at both stations during both time periods. DE at ALSN6 increases by an order of magnitude from the . There is clearly enhanced diurnal energy in the New York Bight apex in April-May not associated with tides.
[18] The harmonic analysis of the LR gridded data is similar to the SR results, particularly in the New York Bight Apex (Figure 3 ). There are, however, some notable exceptions. Like the SR data, the LR data show an increase in diurnal energy during the April -May period albeit the increase is not as pronounced as in the SR data. Nevertheless, the LR data reveal that the spatial extent of sea-breeze forcing extends across most of the shelf with typical amplitudes of $5 cm s À1 during the April -May period compared to 2-3 cm s À1 during February-March (Figures 3a  and 3b ). In addition to increases in energy, variance ellipse orientation in the diurnal band shifts from generally along shore to cross shore during the enhanced diurnal energy period, an indication the increase in diurnal energy is not due to tides.
Spatial and Temporal Variability
[19] Time series of diurnal wind energy from ALSN6 and 44025 are presented in Figure 4a with SLBS days highlighted in grey. While there is clearly a net increase in diurnal wind energy in April -May compared with FebruaryMarch, it is a result of relatively intense, episodic events (in the diurnal energy sense) associated with SLBS days. The strongest events during the study period occur during runs of SLBS days around April 8 -April 23 (event A), May 4 (event B), and May 18 (event C) (Figure 4) . [20] The percent of energy in the diurnal band (PDE) over the study period is reported in Figure 4b for the 1 SR and 5 LR regions. During February -March PDE tends to be very low is the SR data (generally <5%), consistent with an absence of forcing mechanisms other than tidal. In contrast, during Event a 30 -35% of the total kinetic energy is contained in the diurnal band, increasing to 50% during event C. However, during event B only $10% of the total kinetic energy is diurnal, perhaps due to spatial variability of the SLBS. Diurnal energy in the SR data is clearly correlated with diurnal wind energy at ALSN6 on SLBS days (r = 0.85 with 95% confidence). Significant (95%) correlations are also found at all 4 LR regions when compared with the diurnal wind energy at 44025, with the lowest at LR-SE(r = 0.33) and LR-SW(r = 0.38) and highest at LR-NE(r = 0.52) and LR-NW(r = 0.59).
[21] During event A diurnal energy at all 4 LR regions reached 30%, as it did in the SR data, suggesting the SLBS event was not only intense but widespread on the shelf, forcing diurnal circulation offshore. Events B and C in the LR data are quite different from the SR data. Event B reaches 20-40% at all regions in the LR field, while in the SR data it was <10%. Event C, which was >50% in the SR field is $15-20% in the LR data.
Summary and Discussion
[22] Using local wind measurements, sea surface temperature, air temperature and coastal HF radar installations, diurnal wind and diurnally forced current variability is characterized for the New York Bight from February through May 2005. The New Jersey/Long Island SLBS tends to be episodic in nature, but can be quite intense and widespread as seen from April 8 -April 23, around May 4, and around May 18.
[23] The increased sea breeze activity in April -May drives diurnal current motions throughout the New York Bight. The major axis of diurnal currents in the New York Bight apex increased to 10-15 cm s À1 over the two-month period, with a maximum of 30 cm s À1 during event A, compared with 2 -5 cm s À1 during February -March.
[24] Long range HF radar analysis indicates that diurnal motion, correlated with diurnal wind energy on SLBS days, is evident across the entire shelf. Up to 100 km offshore, there is a doubling of the major axis of diurnal ocean currents during April-May when diurnal surface currents are typically 5 cm s À1 compared to 2-3 cm s À1 during February-March. Coincident with the increase in major axis magnitude, associated with the increased occurrence of the SLBS, the orientation of the variance ellipses shift from dominantly along-shore to cross-shore. Spatially, the region of influence of the SLBS during April-May 2005 is from the south shore of Long Island to Cape May and out to 100 km offshore.
[25] SLBS forced ocean current is, as expected, as episodic as the SLBS, yet is an energetic feature during SLBS events. For example, in all 5 CODAR sub-domains 30-40% of the total kinetic energy was contained in the diurnal band during event A, including the SE region that lies $100 km offshore, while during the February -March period only 5% of the total KE is contained in the diurnal band.
[26] Contrast this result with that during B and C. These events, while strong, did not affect the shelf as uniformly as event A. During event B there was little diurnal energy in the New York Bight Apex, yet in the LR sub regions as much as 39% diurnal energy was observed. During event C up 50% of energy in the New York Bight Apex was diurnal, while the LR sub regions showed 15-20%. Spatial variability in the SLBS could account for these differences, but further study is required.
[27] In summary, these results demonstrate that intermittent sea-breeze forcing can extend over a large fraction of the 150 km wide New York bight shelf. The effect of sea-breeze forcing was shown, at times, to dominate not only the K1 and O1 tidal period motion but also the total kinetic energy in hourly averaged surface current measurements. While the imprint of the SLBS on the coastal ocean has a large spatial scale, its structure varies from event-to-event and appears to be related to synoptic-scale meteorological features. While the objective of this paper was to demonstrate the prominence and spatial scale of SLBS forcing, the fact that at times it dominates surface current kinetic energy suggests that it likely impacts vertical shear and thus vertical mixing. Moreover, spatial gradients in diurnal period motion at the surface would lead to convergences that would drive internal-wave motion that may resonate with the effective inertial period [Lerczak et al., 2001; Simpson et al., 2002] . While these issues are beyond the scope of this paper, insofar as the SLBS is important in driving coastal circulation and mixing, we feel that circulation models may require accurate representation of the SLBS in their atmospheric forcing. Consequently, a corresponding improvement in our understanding of the transport processes which impact broader biogeochemical cycling in the global ocean is expected.
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